One of the key factors in curbing energy consumption in the household sector, together with energy efficiency and renewable energies, is widely recognized to be the amendment of occupant erroneous behaviour and systems malfunctioning, mainly explained by the lack of awareness of the final user. The aim of this work is to propose a diagnostic system in the household sector which can improve the users' awareness with respect to the energy consumption in final uses. In particular, this paper presents an energy, environmental and economic analysis of different diagnostics systems, corresponding to different degrees of complexity and cost. Given a reference occupancy and thermal user profile, for each diagnostic system the relevant energy consumption is assessed by simulation and the subsequent economic savings are calculated and compared to the diagnostic system cost in order to evaluate the payback period of the architecture proposed.
Introduction
The household sector in Italy has a wide and undeveloped potential for emission reductions if compared with the tertiary or industrial sector. The main reason is fundamentally economic. In fact, while with respect to the large users of both the tertiary and the industrial sectors, energy efficiency initiatives often translate in a remarkable reduction of the energy bill and consequently in a short payback period, investments in energy efficiency in the domestic sector are sometimes paid back in a period considered too long by the energy final users. The result is that energy efficient technologies have been penetrating tertiary and industrial sector in the last years, while the technology stock of the household sector is backward compared to the best available technologies in commerce. Actually, this trend has been changing since 2005 when the Italian Government enforced a tax reduction and an incentive mechanism (known as "white certificates") aimed at boosting energy efficiency investments in all sectors [1] . Nevertheless, with regards to households, these actions had effect only with respect to technologies with a short PBP, as the replacement of the old and outdated (mainly electrical) appliances with newer and more efficient ones (e.g. fridges, lamps, dishwashers, boilers…).Other more energy effective (and more expensive) interventions, such as those concerning the energy efficiency of buildings, although present and compulsory for new buildings, have not reached a market penetration on the existing housing stock able to be appreciated in terms of energy reduction, due to their high initial cost and their long payback period. It is important to stress this point for, at least, two reasons. First, most of the primary energy consumption (80%) in the Italian household sector is ascribable to thermal energy use, mainly ambient heating, and just a 20% is due to electricity [2] . Second, since the Italian electrical power generation sector is characterized by centralized production in large power plants far from most of the cities, the second major cause of the local urban pollution after traffic emission is represented by heating systems [3] . Finally, it is worth noting that energy efficiency is only one side of the coin of household consumption; the other side is the "occupant behaviour". In fact, the benefits achievable with energy efficiency could be either amplified or neutralized by, respectively good or bad practices carried out by the final users [4] . In particular, it is important to point out that often the final user bad practices are driven by lack of unawareness or ignorance rather than bad faith, so that training the final user with respect to energy awareness can be more effective and cheaper than other policies [5] . The aim of this work is to evaluate the potential of reduction of heating energy consumption achievable by means of a system able to (i) diagnose inefficient occupant behaviour and systems malfunctioning in the household sector and (ii) suggest good practices of energy conservation. Since the main challenge is the retrofit of existing buildings, the components of a system proposed are the least intrusive and cheapest available. This paper is organized as follows: after the Introduction, section 2 presents the connections between urban air quality and civil heating systems; section 3 deals with occupant behaviour; section 4 presents the Interactive Building Network; section 5 reports the methodology to carry out the simulation of "occupant behaviours"; section 6 shows the results of the multi-scale component analysis diagnosis technique; energy, economic and environmental results are presented and discussed in section 7 which also reports some considerations on the "marginal energy and economic" benefits for the occupant and on the cost of the domotic platform proposed.
Air quality versus heating systems in the urban environment
Italian legislation, with the law n. 10 of 1991 and following decrees, forces Italian municipalities to verify the condition and the maintenance of heating systems existing in its territory. In fact, heating systems are the cause of a relevant part of urban pollution. In particular, according to ISPRA a major Italian institution for environmental research and protection, civil heating systems are responsible for 9% of volatile organic compounds (VOC), 19% of PM10 and 27% of PM2.5 [3] . As an example, the Italian municipality of Pesaro published the results of a survey on heating systems in the town [6] : the boilers whose thermal power size is lower than 35 kWt are 32,733 mainly fed by natural gas, with a yearly consumption estimated equal to 36.3 Mm 3 . The resulting emissions are: 62,318 t of CO 2 and 49,658 t of NO x [7] . Generally speaking, according to the IPCC [8] , the GHG emissions due to the combustion of natural gas are 56,100 kg of CO 2 , 1 kg of CH 4 and 0.1 kg of N 2 O for every TJ of net calorific value of natural gas being burnt. Instead the boilers NO X emissions are ruled by a European norm [9] that sets as limit in the combustion products 150 mg/kWh of NO X for ambient boilers (85% of the Italian market) and 70 mg/kWh of NO X for condensing boilers (15% of the Italian market). The abovementioned figures give an idea of the environmental impact of heating systems on the air quality in cities, making clear the importance of reducing fuel consumption for heating purposes in a sustainable scenario.
"Occupant behaviour": best and bad practices
Energy consumption in household sector can be curbed with a combination of both energy efficiency and energy conservation. The former is strictly connected with the performances of a product or device (e.g. boilers, lamps, electrical and thermal appliances, building) whilst the latter is linked to the final user's behaviour. Regarding the energy conservation, the best practices commonly suggested by literature are connected with heating systems and their control devices [10] : i) installation of a thermostat in the apartment; ii) installation of a temperature control (e.g. radiator thermostat) in each room of the apartment; iii) control of openings of external windows and doors; and iv) lowering of the heating water temperature outlet of the boiler. Suggested settings for thermostat are: i) comfort ambient temperature of 18-20°C when occupant is in the house during the day; ii) lower the comfort temperature at 16°C during the night; and iii) further lower the temperature at 13-15°C when nobody is inside the house for more than 24 h.
Design of the interactive building network architecture for the household sector
The Interactive Building Network (IBN) is a sensor network able both to suggest good practices and set points and to identify anomalous events such as temperature profiles different from the best practices or from the ones set by the user; performance degradation (decay) of sensors or actuators. The main events chosen to be detected are reported in Table 1 . Table 2 shows a preliminary list of sensors and actuator to be implemented in the IBN. The list is not exhaustive since the network is supposed to be an open platform and, other sensors can be added as needed. Nevertheless, the higher the number of sensors and actuators, the more expensive is the solution. Since one of the aims of the project was to study a cheap, reliable and open domotics platform, particular attention was paid to realize a solution able to achieve good energy savings by means of few sensors accurately chosen. Table 2 also reports the communication modes among the sensors, with a preference for the wireless (in its general meaning) systems which are less intrusive and could be consequently easily mounted as a retrofit in existing buildings. The signals and information coming from each sensor/actuator are transmitted to an apartment gateway which implements simple diagnoses techniques (Table 3) and sends a feed-back to the final user (e.g. "warning" message). As an example, the undesired event of an external window open could be detected by a contact sensor mounted on each window; the same result can be obtained with the cheaper solution of monitoring the trend of internal temperature of the rooms: if the internal temperature decreases quickly compared to the usual temperature dynamic or if its value is nearer to the external temperature than to the set point. In the same way, a malfunctioning of thermostat or radiator thermostat can be detected by comparing the dynamic of internal ambient temperature with the setpoints set by the occupant. The purpose of the present work is twofold. On the one hand, it aims at evaluating, under an economic and energy point of view, the potential of reduction of primary energy achievable through energy conservation strategies supported by the interactive building architecture; on the other hand, it aims to attest methodologies for diagnosing inefficient occupant's behaviour and systems malfunctioning. The goal was fulfilled by simulating a building on which different occupancy and thermal user's profiles were applied. At the beginning, for each combination of occupancy and thermal profile some energy conservation strategies were tested in order to be evaluated without behavioural or systems errors ("faultless profiles"). Successively, some "inefficient behaviours" or "systems malfunctioning" were added so that diagnosing methodologies could be tested.
Building and occupancy "thermal" profile
The considered building was a 100 m 2 apartment with 4 rooms of different size. It was simulated by means of HAMBASE [11] . Two different heating consumption levels, of 105 kWh/m 2 /y (building A) and 75 kWh/m 2 /y (building B) respectively, were evaluated. The heating system consisted in a boiler fed by natural gas whose efficiency has been assumed equal to 90%. The occupancy profiles were chosen among the most common programs preset in commercial thermostat and are shown in Table 4 . Profile P1characterizes a dwelling occupied most of the day (by an old person, a housewife,…); P2 is the typical "worker" profile characterized by a heating thermal demand early in the morning and late in the afternoon and evening; profile P3 differs from P2 because of occupant presence during lunch time. Table 4 :
Daily occupancy profiles. 
Settings of thermal profiles
According to the occupancy thermal profiles three conditions were simulated: i) absence of the thermostat in the house; ii) thermostat mounted only in one room; and iii) temperature controlled in each room by means of radiator thermostats. The absence of thermostat in the house was simulated considering an ON-OFF working mode of the boiler with an ambient temperature limited to 25°C, temperature at which it is supposed that the user switched off the boiler. The thermostat installed just in one room was simulated with a temperature set both at 20°C and at 18°C; in this case the simulation tool keeps the temperature at the set point only in the room where the thermostat is present whereas the temperature in the other rooms is a result of the simulation. Finally, the temperature controlled in each room was simulated by keeping two rooms at 20°C and two rooms at 18°C; in this case was also tested a profile with two rooms kept at 18°C and the other two at 17°C.
Diagnosis techniques: multi-scale principal component analysis
The Multi-Scale Principal Component Analysis (MSPCA) proposed by Bakshi [12] deals with processes that operate at different scales, and have contributions from: (i) events occurring at different localizations in time and frequency; (ii) stochastic processes whose energy or power spectrum changes with time and/or frequency; (iii) variables measured at different sampling rate or containing missing data. MSPCA formulation captures events occurring at different scales by Principal Component Analysis (PCA) models. Moreover wavelets, with their timefrequency localization and multi-resolution properties, are used as a framework for multi-scale representation of data [13] . The primary motivation for jointly using PCA and Wavelet Transform comes from the idea that, in PCA, the correlation among sensors is used to transform the multivariate space into a subspace which preserves maximum variance of the original space. PCA does not utilize the information pertaining to the frequency or scale characteristics of the individual sensors. Wavelets, on the other hand, capture correlation within a sensor whereas PCA correlates across sensors [13] . The Multi Scale PCA (MSPCA) is a way to combine these two techniques, to extract maximum information from multivariate sensor data. For fault detection in the new sample, a deviation from the normal correlation could change the projections onto the PCA subspaces. The Square Prediction Error (SPE) is a statistic that measures lack of fit of a model to data. The SPE statistic indicates the difference, or residual, between a sample and its projection into the principal component subspace retained in the model. The exact description of the distribution of SPE is given in [14] . A confidence limit expression for SPE, when data follows a normal distribution, is developed in [13, 15] . Once a defect is detected, the SPE contribution is computed and clustered to define a unique signature of the malfunction, that the diagnosis step is performed [16, 17] . In the IBN sector MSPCA take advantages from the fact that it does not need the building model since the diagnostic procedure is data driven and this is useful to adapt the algorithm to different buildings. Also, as confirmed by results, the MSPCA gives a response to the fault with a delay that depends on the scale depth that is only of few samples [16, 17] .
The bad practices and malfunctioning listed in Table 1 were embedded in the building simulation code so that a set of ambient parameters was generated in order to test the MSPCA diagnosis technique. Figure 1 shows an example of the trend of the temperature monitored in one room of the building kept by a smart thermostat at 18°C during two days (Profile 1). During the second day a window is opened for 2 hours. Trend of SPE index in the case of undesired event occurring. Table 5 shows the identification stage performed by SPE contribution analysis, the SPE index value is given by a set of sensor depending on the type of malfunction or bad practice happened. 
Results analysis and discussion
Since the goal of the work is evaluating the environmental and economic gain achievable by the interactive building network, the results are presented mainly as energy consumptions (kWh of thermal energy and m 3 of natural gas) and natural gas charges (not including fixed costs but only variable cost due to natural gas consumption). Tables 6 and 7 show that independently of the user profile the best practices have a fundamental role in curbing energy consumptions for thermal heating. Nevertheless, it is worth noting that the higher the initial energy performance the lower the marginal energy and economic benefits. This can be seen both by comparing the results of the two buildings with different energy performances and, being equal the building and the profile, by comparing the different energy conservation strategies. Table 6 and 7 show also that the ambient temperature set is the main parameter affecting energy consumptions. Table 8 and 9 show the emissions of CO 2 and NO X associated with each combination of building performance, user profile and energy conservation strategies [9] . Table 8 and 9 do not present the emissions of VOC because the calculation assumes the perfect combustion of the natural gas. As previously explained, one of the aims of the work was the evaluation of diagnosis techniques on the basis of the data (e.g. internal temperature profiles) generated by the simulation. In the previous paragraph we demonstrated the effectiveness of these techniques. However, the energy and economic evaluation of "fault" profiles is difficult to carry out as it is affected by the boundary conditions forced by the modeller in the simulations. For this reason, the main output is not a single value of energy or monetary saving but its order of magnitude. As an example: the simulation of the profile 1, with one thermostat set at 20°C, for the building with an heating consumption of 75 kWh/m 2 /y gives as a result a natural gas consumption of 698 m 3 /y; assuming that the occupant leaves an external window open once a week for 2 hours between 13.00 and 15.00 the natural gas new consumption would be of 714 m 3 /y, with an increment of about 16 m 3 /y corresponding to: i) an increase of about 2% of the primary energy consumption; ii) an extra yearly charge of about 10 €; iii) higher emissions of 28 kg of CO 2 and 22 kg of NO X . The results would have been different if, for instance: i) the early morning or the late evening hours of the day were chosen, instead of the warmer ones; or ii) another time duration was chosen (1 or 3 hours instead of 2). The interactive building network architecture proposed has the aim of increasing the energy awareness of household final users. The results presented lead to some technical and economic considerations. First, the main key of result interpretation is the "marginal" energy and economic benefit. In fact, the adoption of energy conservation strategies or diagnostic solutions is the result of energy saving actions could represent a large energy saving if considered as a whole. By way of example, under this point of view, conservatively extending the 16 m 3 saved in the previous example to half of 32,733 heating system (whose thermal power size is lower than 35 kWt) of the city of Pesaro, leads to an annual saving of 261,864 m 3 of natural gas, and to annual avoided emissions of CO 2 and NO X equal to 453 tons and 358 tons, respectively. The third remark deals with the cost of the interactive building network architecture proposed. In fact, the maximum yearly economic savings achievable are: ~ 250 € and ~ 190 € for the buildings whose heating consumption is 105 and 75 kWh/m 2 /y, respectively. In order to be widely adopted, systems such as the one proposed must pay back in a reasonable period for the final user. Considering a PBP of 3-5 years, a rough estimate of the architecture cost should range between 600 and 1500 €, according to different solutions. Finally, it is important to stress an implicit limit of the analysis proposed for the IBN which is the "occupant response" to the "warning" feed-back. In fact, one needs to take into account subjective and behavioural factors which may lead to widely different results for similar situations; some examples: does the warning refer to an occasional event or to a frequent or recurrent one? After the occupant received the feed-back how long does it take for the occupant to correct it? Or even: does the occupant actually take any action after the feed back?
Conclusions
The work presented the architecture of an Interactive Building Network whose aim is to (i) suggest energy conservation strategies to the final user and (ii) diagnose inefficient occupant behaviours or system malfunctioning. In particular, the architecture focuses on monitoring thermal heating energy due to its higher impact in the household sector consumption compared to electrical energy. The architecture mainly consists in few sensors remotely communicating with an apartment gateway so that the system could be easily retrofitted to existing buildings. The marginal energy and economic benefits achievable were evaluated. Even if sometimes they could be considered not worthy of attention by the final user due to their relatively small amount, the aggregate savings achievable in the household sector could highly reduce the consumption of natural gas, a major responsible of urban air pollution, contributing to lower NO X and VOC other than reduce CO 2 emissions. In order to be widely adopted domotics systems such as the one proposed should have an initial cost considered reasonable by final users; assuming a PBP of 3-5 years, the initial cost should range between 600 and 1500 €, depending on the final user energy conditions.
